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Passive microfluidic channel geometries for control of droplet fission, fusion and sorting are designed, fabricated, and
tested. In droplet fission, the inlet width of the bifurcating junction is used to control the range of breakable droplet sizes
and the relative resistances of the daughter channels were used to control the volume of the daughter droplets. Droplet
fission is shown to produce concentration differences in the daughter droplets generated from a primary drop with an
incompletely mixed chemical gradient, and for droplets in each of the bifurcated channels, droplets were found to be
monodispersed with a less than 2% variation in size. Droplet fusion is demonstrated using a flow rectifying design that
can fuse multiple droplets of same or different sizes generated at various frequencies. Droplet sorting is achieved using a
bifurcating flow design that allows droplets to be separated base on their sizes by controlling the widths of the daughter
channels. Using this sorting design, submicron satellite droplets are separated from the larger droplets.

Introduction

Droplets in microfluidic systems are promising biological and
chemical picoliter reactors as the reaction time and chemical
concentration in each droplet can be precisely controlled. Many
advantages of using droplets have recently been reported. One such
advantage is the rapid mixing of liquids that are normally hindered
in low Reynolds number single phase laminar flow.!=> Droplet
based microfluidic devices have shown great promise for lab on
chip applications. Zheng et al.°® have demonstrated protein
screening in droplets using parallel stream flows, and Hirano er al.”
have obtained successful crystal growth in mixed droplets. Real
time polymerase chain reaction in droplets has been demonstrated
by Pollack et al.,® and electrophoresis using a droplet based
handling system has been demonstrated by Kaneda and Fujii.®
Burns et al. integrated a droplet dispensing system into a DNA
analyzer,!0 Srinivasan et al. constructed a droplet based system that
can analyze human physiological fluids,!! and Schaack et al.
demonstrated cell growth in microdrops.!2

The versatility of droplet microfluidic systems lies essentially in
the ability to transport and precisely “dial-in” fluid volumes of each
individual droplet. This can be achieved either actively or
passively. Active control generates local forces to direct droplet
movements and allows each droplet to be individually manipulated
in desired path ways.!3 This can be achieved using electrowet-
ting,>-8-11.14-19 djelectrophoresis,20-2! electrostatic,’-22 pneumatic
pressure,3 and thermocapillary?3 actuation. Passive control uses
externally generated flows that are varied locally either by the
geometry of the channels#6-24.2527-31 or by surface wetting
patterns26 to manipulate droplets. Most passive devices are focused
on the generation of droplets from continuous streams.2’-3! Since
flow is controlled by the geometry, the flexibility to reconfigure
droplets is limited. However, this is compensated by the high
efficiency of droplet generation. The speed of droplet generation
from a nanojet microfluidic droplet generation system ranging from
100 ms drop—! to <0.2 ms drop—! were reported?’ and thus
provides a very efficient means to sample combinations of mixing

+ Lab on a Chip special issue: The Science and Application of Droplets in
Microfluidic Devices.

292 |

Lab Chip, 2004, 4, 292-298 |

conditions.*624.25 Furthermore, since droplets are suspended in
another liquid medium, and the sizes are controlled by the relative
flow rates, problems associated with active system such as solvent
evaporation in air drops,24-32:33 absorption of bio-molecules to the
wetting surface,!® minimum pitch size used to control tiny
droplets,!8 and maximum actuation voltage required to move large
droplets are avoided.??

We have developed various new microfluidic designs to enhance
the control of droplets in the channels, primarily focusing on the
geometry of bifurcation junction. Techniques for droplet fis-
sion3435 and fusion* allows fluid volume in each droplet to be
reduced or increased, while sorting allows droplets to be filtered
and separated by size. Although aspects of critical break-up
condition for symmetric fission in channels with square cross
sections have been detailed by Link ez al.,3> here we investigate the
applicability of the break-up criteria to channels with rectangular
cross sections. For asymmetric fission we extend previous studies
of Song et al. and Link et al.35 on the dependence of droplet
volumes to channel resistances. In addition, to the best of our
knowledge, we demonstrate here for the first time (1) the use of
droplet fission to control the concentration of chemicals inside
droplets, (2) sorting of droplets based on flow patterns at
bifurcation junctions, (3) the generation and collection of nano
sized satellite droplets, and (4) droplet fusion using the flow
rectifying design to coalesce two or more droplets regardless of
size. Previous studies on droplet fusion by Song et al.# was limited
to droplets of difference sizes.

Materials and methods

Droplets are generated using nanojet design?’ to allow the control
of droplet size and generation rate. The microfluidic channel is
made of PDMS molded imprints bonded to a microscopic glass
slide.3¢ No active pressure control or valving are required to
manipulate droplets. Pure oleic acid (Fisher Sci.) and water are used
as the continuous and dispersed phase, and both solutions are
injected using syringe pumps (pico plus from Harvard Apparatus).
The process of droplet fission, sorting, and fusion are recorded with
fast speed cameras.
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Results and discussion
Control of droplet fission

Droplet break-up events can be used to reduce the size of generated
droplets. For droplets generated with chemical gradients,* the
reaction time and chemical concentration in each of the daughter
droplets depend on the fission mechanism.

The mechanism for droplet break-up in immiscible shearing
flows has been thoroughly investigated.37-4! Essentially, droplet
break-up occurs when the viscous stress exerted by the continuous
phase induces a critical asymmetric stress on the droplet causing an
imbalance of the surfacing tension.37 This is generally described by
the capillary number, here defined as Ca = mv/%,3> where 7 is the
viscosity of the oil phase, v is the velocity of the droplet entering the
junction, and 7 is the interfacial tension between water and oil.
When Ca is greater than the critical capillary number (C;), droplet
fission occurs. Since C,, depends on the type of shear strain exerted
by the flow, C., required to produce droplet fission can be varied
accordingly by changing the input flow rates of the mother channel
Qo and the output flow rates of the two daughter channels (Q, and
0») as shown in Fig. 1. Since the droplet moves at about the same
velocity as the continuous oil phase, v of droplet is equal to the ratio
of the applied oil flow rate to the cross sectional area. Previous
studies on symmetric break-up conditions by Link et al.3> showed
that the critical capillary number varies according to C., = oy(1/
&3 —1)2, where « is a dimensionless constant equal to 1 for
square channels, and & is the initial extension ratio which
expressed using variables from Fig. 1 is Lo/zW;.

When the flow is fully symmetric, the forces exerted on the two
halves of the mother droplet are equal, and if the droplet is not
breakable by the flow, the droplets are randomly distributed into the
daughter channels. In the case when the droplet is breakable by
flow, droplet fission creates two equal sized daughter droplets as
shown in the insert of Fig. 2. The three inlet dimensions studied
here all have channel heights, &, equal to 40 um, and consist of one
square channel cross section and two rectangular channel cross
sections with widths W; equal to 70 wm and 100 um, respectively.
In comparing the square and rectangular channel, the equivalent
width of a square with same cross section is used to determine the
extension ratio for rectangular channels. The results are shown in
Fig. 2. For square channel the criteria for droplet break-up agrees
strongly with Link et al.35 For channels with different geometries,
C. with o = 1 does not predict droplet break-up. In general we
found that when the height of the channel is constant, the range of
breakable droplet sizes decreases with increasing inlet channel
width as indicated by the observed smallest droplet breaking
diameter shown in Table 1. Under a constant Q,, decreasing the
inlet width of the channel increases the shear stress exerted on the
droplet. As a result when the width of the mother channel is narrow,
smaller minimum break-up diameter is observed.

Under asymmetric flow, the streamlines divide according to the
flow rates inside the daughter channels. When a droplet traveling
along the center of the channel, reaches the bifurcating junction, the
pressure and shear forces that pull the droplet into each daughter
channel are proportional to the droplet surface area exposed to
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Fig.1 Schematic of the bifurcating junction. Droplet with length L, inside
the mother channel moves toward the bifurcating junction connecting the
two daughter channels.

those stream lines. If the forces are larger than the surface tension
of the droplet, it splits into two drops of unequal sizes.

In designing the asymmetric junction, the inlet width and the
height of the channel are minimized to be 40 um to allow the widest
range of breakable droplet sizes. The width difference of the
daughter channels are used to vary the bifurcating flow. By
controlling the respective width ratio (Wg;/Wy,) to be 30 pm/60 um,
30 wm/90 wm, and 30 um/120 wm, the flow bifurcates according to
the following (Q,/Q,) ratios: 1/1.8, 1/2.1, and 1/2.2

The range of minimum breakable droplet size for asymmetric
flow is presented in Table 2 as a set of extensional numbers with an
upper limit of &, for droplets that break and a lower limit of &, for
droplets that don’t break. The upper and lower limits of these
extensional numbers would show up in the lower right corner of
Fig. 2 indicating that the break-up under these asymmetric
conditions occur at a much higher extensional number than under
symmetric break-up conditions. This agrees with qualitative
observation of Link er al.,3> and is consistent with other previous
studies, which showed that critical capillary number increases as
flow becomes more asymmetric.37-40

Since the lengths of a droplet in channel is directly proportional
to its volume, the volume ratio of the daughter drops under
asymmetric fission can be determined by the length ratio of the two
daughter drops. Previous observations by Song et al. and Link et
al., suggested that daughter droplet volume is inversely propor-
tional to the resistance of the channels. Our data suggested that
daughter droplet volume depends on both the channel resistances
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Fig. 2 Channels with different inlet cross sections have different critical
break-up criteria. Clear marks indicate breaking drops while filled marks
indicate non-breaking drops. The squares, circles, and triangles indicate
channels with inlet width of 40 um, 70 um, and 100 um respectively. The
break-up criteria for square cross sectional area agrees with Link et al.,3>
such that critical condition varies according to C., = &y(1/6?3 —1)2 as
shown by the solid line.

Table 1 Effect of channel width (W;) on minimum breaking diameter
(D)

Wi/um D/um Ca
40 43 0.065
70 69 0.021

100 92 0.011

Table 2 Ranges of minimum droplet sizes under asymmetric break-up
conditions

Wg:30um £, | Ca &b | Ca

60 1.45 ] 0.0156 1.31 | 0.0208
90 2.85 | 0.0104 1.78 | 0.0104
120 2.71 | 0.0104 1.57 | 0.0104

@ g,: minimum extensional number for a breaking drop ? &: maximum
extensional number for a none-breaking drop
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and the volume of the mother drop. In Fig. 3, the ratios of larger-to-
smaller daughter droplets (Ls/Lp) after asymmetric fission indi-
cated that the ratio of daughter droplet volumes changes with the
size of the mother drop. If the ratio is independent of the sizes of the
mother droplets, then the smaller daughter droplet in the bottom
photo of Fig. 3 would be smaller than the corresponding daughter
droplet in the upper photo. While we did not specifically verify the
droplet volume ratio that is equivalent to the ratio of channel
resistances,35 it appears from Fig. 3 that ratio decreases with
decreases in mother droplet size, which suggests that the daughter
volume ratio identical to ratio of bifurcating flow is achievable for
smaller droplet sizes.

For many biological assays, it is desirable to rapidly sort
biological samples into various volumes and concentrations for
analytical and combinatorial purposes. This is often difficult and
cumbersome with current electrode-based droplet platforms, as it
would require programmed synchronization of many electrodes to
process a single stream of droplets!3 In the droplet fission system
presented here, a single bifurcating junction can create two
organized streams of droplets with sizes controlled by the design of
the bifurcating flow. With multiple bifurcating junctions, parallel
streams of controlled liquid volume in droplets can be rapidly
analyzed. Droplets with diameters approaching ~ 1 um or less, can
also be generated during near critical break-up conditions. These
droplets are generated through multiple asymmetric fission junc-
tions using the channel shown in Fig. 4.

Control of chemical concentration in daughter droplets

When chemicals of various concentrations are generated inside the
droplet, fission of the droplet allows chemical mixing to be further
quantified. The reagents are allowed to mix until reaching the
bifurcating junction. By controlling the type of bifurcating flow and
the location of droplet fission, the chemical concentration and
reaction time inside each daughter droplet can be controlled. The
fission system shown in Fig. 4 divides the flow according to
26.25%:73.75%, 21.96%:52.06%, and 22.50%:29.56% of the total
flow.
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Fig.3 Volume ratio of the daughter droplets (Ls/Lp) changes according to
the size of the mother droplet. The breaking of the drops are shown in the
photos.

26.25%
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— 21.69%
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Fig. 4 Schematic of channel with multiple bifurcating junctions used to
control the final concentration of chemical mixing. The box indicates the
region observed under microscope.
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To verify that fission of droplets can be used to control chemical
concentration of each daughter droplet, dye solution containing 5%
w/v of naphthol blue black (Fisher Sci.) in DI water was mixed
inside a droplet with water at a 1:2 ratio. After fission, the
concentration of dyes in daughter droplets were calculated as a
percentage of the original dye solution.

Since the bifurcating point is located right after droplet
generation, the droplet splits before mixing is completed, as a result
the dye concentrations in the final daughter droplets are determined
by the mixing pattern of droplet at the bifurcating junction. All
daughter droplets contained dye concentration in between the range
of pure dye (100%) and full mixing (33%) of the pure dye with
water as shown in Fig. 5. The sizes of daughter drops in each
channel are monodispersed with a size variation of <2%. Since
each emulsion can be considered as a unique reaction vessel
capable of containing the same reaction conditions for a population
study or different reaction conditions for a variable study, the
uniform droplet size distributions would reduce uncertainties
associated with volume variations.

Control of droplet circulation

In the microcirculation of the body, controlling red blood cell
(RBC) concentration by volume flow is critical for the delivery of
oxygen to tissues. Analogously, the control of droplet circulation is
important for transporting reagents in droplets.

The simplest geometry to control droplet flow is the asymetric
bifurcating junction shown in Fig. 6. The flow rates of the daughter
channels are controlled to be identical, and due to the difference in
local widths of the daughter channels, the higher fluid velocity
created by shorter channel width induces a greater shear stress on
the droplet, moving it toward the daughter channel.42 By the same
token, when a droplet is large enough to plug the inlet channel, the
pressure force drives the droplet toward the channel with the
smaller width.#2 In both cases, the forces driving the object is
dependent on the area projected by the flow and the width ratio of
the daughter channels.4? In our sorting device, we have observed
that the majority of droplets centered toward the middle of the
bifurcation junction are always driven toward the daughter channel
with smaller inlet width.

In the initial sorting design, the pure water in oil system
generated droplets that fuse at the expansion, which accumulated
into a plug in the daughter channel that affected droplet sorting. To
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Fig. 5 Control of concentration in droplets by fission mechanism.
Droplets are generated with a dye to water volume ratio of 1:2 inside the
droplet (left). After the mother droplet breaks in succession at the three
bifurcating points, each stream of daughter droplets contained different final
fractions of the original dye concentration (right).

Fig. 6 Due to the local velocity difference between the daughter channels,
a droplet moves toward the channel with shorter width.



reduce droplet coalescence, span 80 surfactant was added into the
oil phase, which generated separation pattern shown in 7. The
sorting efficiency in this design is limited by both the droplet size
and the rate of droplets going through the daughter channels. When
a large droplet plugs the smaller daughter channel, the sorting of the
next successive drop will be hindered, causing it to flow into the
other daughter channel as observed in the case of an incomplete
sorting shown in Fig. 7b.

Subsequent tests with 15 um microbeads did not result in sorting
patterns. While, the relationship between droplet size, generation
speed, surface stiffness and flow is not fully determined in this
paper, it will be characterized in future studies. Here we want to
focus on solving the issue of droplet coalescence in the sorting
channel to allow surfactant free droplets to be sorted and later fused
in a controllable fashion.

To reduce droplet coalescences, a loop channel shown in Fig. 8
is used to replace the width expansion. The looping region reduces
the dead volumes required to sort droplets, which prevents droplet
accumulations. In this new design, incomplete sorting was not
observed, and the generated droplet either sorts or splits as shown
in Fig. 8. The sorting of surfactant free droplet is important for
droplet based assays, such that it allows droplet volume to be
modified by fission and fusion, and the sensitive droplet contents
are not affected by surfactant chemicals.

For the case of small droplets, in which the droplet lies entirely
away from the dividing stream interface the droplet will not be
sorted by the width difference at the junction, but will instead be
carried by one of the bifurcating flow into the respective daughter
channel as shown in Fig. 9a. This is consistent with experimentally
observed distribution of 15 wm beads that are randomly distributed
into both daughter channels. There is therefore a minimum sorting
dependency on droplet area projected by the flow. Similarly,
sorting based on droplet sizes can be realized through controlling
both the flow rate and the width of each daughter channel. An
example is shown in Fig. 9b: while both droplets are flowing in the
middle of the channel, the larger droplet is exposed to streams
flowing toward both daughter channels, but the smaller droplet is
being carried by only the stream flowing toward the bottom
channel. Due to the higher net force created by the difference in
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Fig. 7 Sorting of droplets. (a) complete sorting indicates that all droplets
moved toward the desired daughter path. (b) The larger droplet size
temporarily alters the channel resistance, and thus hindered the sorting of
the next successive drop causing incomplete sorting.

widths of the daughter channels, the larger droplet sorts into the
upper channel, and due to the total submersion in the lower stream,
the smaller droplet sorts into the bottom channel.

Droplet sorting can be useful for many applications, here we
apply the sorting device to separate nano-sized satellite droplets
from the main stream.

Satellite droplets are generated along with large monodispersed
droplets without using surfactant, and they are sorted using the loop
sorting design. The larger primary droplets are separated into the
daughter channel with higher flow velocity, while satellite droplets
with diameters of ~ 1 um are carried by the flow into the daughter
channel containing the loop structure, and are eventually collected
as shown in Fig. 10. Nano-sized droplets are potentially useful in a
multitude of applications, such as sensitive sample analysis assays
that require rapid mixing inside tiny droplets, drug production
processes that involve control of pico to femto liters of reagents,
and gene therapies that rely on the successful encapsulation of
nano-sized liposomes. Alternatively, this design can serve to filter
out satellite droplets in applications where they are undesirable,
increasing the degree of monodispersity of the primary droplets.
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Fig. 8 Sorting of the loop channel design under equal bifurcating flow
rates. The loop channel design prevents the coalescence of droplet at the
junction allowing surfactant free droplets to be sorted. The plot shows that
no incomplete sorting was observed: the droplet either sorts or splits. The
photo above shows the droplet motion near the bifurcating junction, where
the droplets are sorted into the bottom channel.
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Fig. 9 The size and the location determine the sorting behaviour of the
droplet. (a) Droplet fully immersed in the bottom streamlines travels toward
the lower channel at the bifurcating junction independent of the velocity
difference between the two daughter channels. (b) Droplets that lie between
the dividing streams of upper and lower channels experience a net shear
stress moving droplet toward the upper channel. Flow rates of the bottom
channel can be increased to optimize the maximum sorting of smaller
droplets.
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Fusion of droplets

To coalesce two or more droplets in the microfludic channels
requires the removal of the continuous phase separating them.
When two droplets come into close contact, a thin liquid bridge
forms between the droplets due to the attractions between
molecules. The high curvature meniscus formed around the bridge
creates an imbalance of the surface tension that quickly coalesces
the two droplets.43 To form the initial contacts between droplets,
fluid between droplets must be removed. This can be achieved
through expanding the channel junction as shown in Fig. 11a. The
volume fluid between droplets can also be reduced through setting
faster droplet generation rate.

We have experimented with the three different channel geome-
tries as shown in Fig. 11 containing either a straight expansion, a
tapered expansion, or a flow rectifying design in which droplets are
focused and fused in the middle of the junction by balancing the net
shear forces. Droplet fusion in the rectangular expansion design
works at a limited range of rates and sizes determined by the length
and the width of the expansion. The tapered expansion, which is
equivalent to a series combination of rectangular ones, works at a
wider range of sizes and rates but can allow undesired multiple
fusions. Among the three designs, the flow rectifying design
provides the most flexibility in fusing droplets as demonstrated in
Fig. 12. Simultaneous fusion of three or more droplets have also
been observed with this design. The mechanism of this type of
fusion qualitatively agrees with mechanism described by Niko-
layev et al.,** in which the fusion of two droplets initiates an
internal flow inside the droplet that induces additional coalescence
of surrounding droplets.

The flow rectifying design allows the fluid volume between
drops to be separated at controllable rates, whereas other designs
provide fixed rates based on the width of the expansion. In the flow
rectifying design, the separating fluid volume flows into the upper
and lower channels at a rate controlled by the resistance of the
identical upper and lower channels. This allows equal fluid volume
to be removed by the upper and lower channels, but does not
generate net force along the vertical axis. By controlling the
separating flow rates, the speed at which droplets approach each
other at the junction can be tuned to allow desired droplet fusion to
occur.

In a more complex system involving fusion of different types of
droplets, each type of reactant inside the fused droplet can be
arranged in order. An example of such mixing is shown in Fig. 13,
in which if the dye droplet enters the junction first, the dye content
becomes more concentrated at the head of the fused droplet and visa
versa.

As demonstrated in an earlier section, droplet fission can be used
to control the chemical concentration of each daughter droplets.
Since fission is perpendicular to the direction of flow, the chemical
concentrations distributed to the daughter droplets are dependent on
the chemical gradient of the mother droplet oriented in the direction
of flow. The chemical gradient generated using co-flow stream is
parallel to the direction of flow, while the chemical gradient

generated after droplet fusion in flow rectifying design is
perpendicular to the direction of flow. This provides additional
freedom to control how the partial concentrations of the chemicals
in the original droplet divide among the daughter droplets.

Temporal droplet rearrangement

In the flow rectifying design, fusing droplets from different streams
requires that the droplet generation rate of each stream be
coordinated at a set frequency to achieve the desired fusion
combination. An alternative approach is to rearrange the order of
droplets in a single stream. One design of a droplet rearranger
consists of a loop with a width larger than the width of the channel,
as shown in Fig. 14. Without any droplets present, the straight path

Separating fuid volume POMS Channel

GO o

Fig. 11 Methods of droplet fusion. Fused droplets are shown in circles. (a)
Principle of droplet fusion. Droplets are allowed to fuse when the distance
separating them is shortened. (b) Fusion inside an expanding straight
channel. (c) Fusion in channel with tapered expansion. (d) Fusion in flow
rectifying design. The larger droplet shown in right is the result of
coalescence of several smaller droplets.

Fig. 12 Flow rectifying design for controlled fusion of droplets. Top,
fusion of two large droplets, middle, fusion of two smaller droplets, and
bottom fusion of three droplets

Fig. 10 The creation, sorting and collection of satellite droplets. (a) satellite droplets are created with larger primary droplets. (b) primary droplets are sorted
toward the lower daughter channel while satellite droplets are sorted into the loop region. (c) The channel collecting the satellite droplets is free of primary

droplets.
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possesses the least resistance and highest flow; therefore, an
isolated droplet would simply follow the straight path through the
device. However, the presence of other droplets can alter the
resistance, sending droplets into the loop path. The lower flow rate
and longer path distance result in a longer travel time for the droplet
in the loop path, causing it to re-enter the droplet series in a different
position. Of course, in a series of identical droplets, such a shift has
little meaning. But with a droplet series that possesses even a
simple, but defined, variability (droplet size, chemical concentra-
tion, reagent content, efc.) this design can introduce desired
organization into the stream. Such a stream with an ordered series
of droplets could then proceed through fusion and fission devices
for automated and intricate combinatorial assays.

Conclusion

The various methods of droplet control presented here could be
built into a single platform or used in combination with other
electrode based platforms to achieve control of high-speed droplet
fission, fusion, sorting, and rearranging in the microfluidic channel.
Since the emulsion vessels are microns in size, the reaction volume
can be pico-liter or smaller. A microliter of reagent can generate
more than 10° reaction vessels. This greatly reduces the amount of
reagent that is needed to run each reaction, a feature that is
extremely useful for high throughput screening. Additionally,
unlike the other current platforms, this device offers ways to control
nano-sized satellite droplets. Sorting satellite droplets from the
primary drops provides an efficient way for nano-sized droplets to
be processed in the microfluidic channel. The efficiency of this
system is ideal for generating droplet based products that require
fixed steps of processing. Since the channels are fabricated without
electrodes, multiple devices can be repeatedly fabricated from a
single mold. The simplicity of fabricating these channel designs
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Fig. 13 Mixing of droplets. The created chemical gradient after fusion is
perpendicular to the motion of the droplet. Depending on the order of the
droplet arrangement, the chemical gradient inside the droplet can be varied
as shown in (a) the blue dye concentrates near the head of the droplet, or in
(b) the blue dye is concentrated at the tail of the droplet.

Fig. 14 Droplets are rearranged in a loop channel design. (a) The presence
of droplet A at the outlet causes a reaction pressure along the straight path
that forces B into the loop path. (b—c) With the outlet open, droplets C and
D travel the straight path. (d) B enters the outlet, continuing the cycle by
forcing E into the loop path. Droplet B has been shifted to a position after
C and D.

allows this platform to be used as a disposable system that can be
massively produced at low costs.
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